Thermal-hydraulic design of the current boiling water reactor (BWR) is performed by correlations with empirical results of actual-size tests. However, for the Innovative Water Reactor for Flexible Fuel Cycle (FLWR) core, an actual size test of an embodiment of its design is required to confirm or modify such correlations. Development of a method that enables the thermal-hydraulic design of nuclear reactors without these actual size tests is desired, because these tests take a long time and entail great cost. For this reason we developed an advanced thermal-hydraulic design method for FLWRs using innovative two-phase flow simulation technology. In this study, detailed Two-Phase Flow simulation code using advanced Interface Tracking method: TPFIT is developed to calculate the detailed information of the two-phase flow. We tried to verify the TPFIT code by comparing it with the 2-channel air-water and steam-water mixing experimental results. The predicted result agrees well the observed results and bubble dynamics through the gap and cross flow behavior could be effectively predicted by the TPFIT code, and pressure difference between fluid channels is responsible for the fluid mixing.
Introduction
Design studies of a new generation light water reactor named the Innovative Water Reactor for Flexible Fuel Cycle (FLWR) are underway at the Japan Atomic Energy Agency (JAEA) (1) . While its plant design is based mainly on that of the current boiling water reactor (BWR), the reactor core and fuel bundle designs have been altered drastically. In order to achieve a conversion ratio higher than unity without adversely affecting the safety performance, a MOX fuel and a depleted uranium fuel are used in the core and a hexagonal tight-lattice fuel rod bundle with about 1 mm rod gap were selected. The two-phase fluid mixing behavior in fuel bundles plays an important role in the thermal-hydraulic performance of the fuel rod bundle, because it has strong effects on spatial distributions of the void fraction, and quality and mass flow rate within the bundle.
The subchannel analysis method has been used for the prediction of the macroscopic thermal-hydraulic characteristics, such as critical power and pressure loss, of a wide variety of fuel rod bundle designs. This method evaluates the fluid mixing effects of a thermal-hydraulic design of the current BWR by correlations with empirical results of actual-size tests. Thus, to apply this method to thermal-hydraulic design of the FLWR, a test of an actual size embodiment of FLWR design is required to confirm or modify these correlations.
In this situation, development of a method that enables the thermal-hydraulic design of FLWRs without these actual size tests is desired, because these tests take a long time and entail great cost. Thus, we developed an advanced thermal-hydraulic design method for FLWRs using innovative two-phase flow simulation technology. One of the simulation codes, we developed, TPFIT focuses on the two-fluid mixing phenomena. Due to narrower rod gaps and narrower channels surrounded by rods, bubble/slug-to-bubble/slug and bubble/slug-to-wall interactions may occur more frequently within the FLWRs core than current BWRs, and the deformation, separation and coalescence of bubbles/slugs caused by these interactions may affect the two-fluid mixing characteristics. The TPFIT code can simulate these interactions directly by using an advanced interface-tracking method.
A series of verification studies on the TPFIT code has been conducted by subjecting it to experimental analyses (2)(3) (4) . In this paper, the comparative results between observed and calculated slug deformation and separation behavior in 2-channel fluid mixing tests are shown. 
Numerical Procedures

Governing Equations and Numerical Solution
In the TPFIT code, considering the time-dependent Navier-Stokes equation for compressible flow, the conservative equations of mass, momentum and energy are described as follows;
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Mass:
where two-phase fluid density ρ is calculated using the densities and the volumetric fractions of both phases:
Momentum:
Energy:
where u, p, e, are velocity, static pressure and internal energy. g and σ in the momentum equation are the gravity and surface tension force. Subscripts g and l respectively indicate the gas and liquid phase. The momentum and energy equations are solved by the CIP (Cubic Interpolated Pseudo-particle) method (5) . The ILUCGS method is used to solve the Poison equation of the static pressure. In the TPFIT code, a Cartesian coordinate system and a staggered grid are used. Surface tension in the momentum equation is estimated using a CSF model (6) . Because the influence of disturbances caused at interface is relatively large in fluid mixing phenomena, no turbulence model is used for both phases. When the change of interface shape is smaller, it may be necessary to consider some kind of turbulence model. f m in the mass equation is volumetric fraction of gas or liquid phase. In the interface tracking method, conservation equations of f m must be calculated:
Density:
The volumetric fraction and density are calculated by the advanced interface tracking method developed in this study (4) .
The Advanced Interface Tracking Method
The fundamental concept of the advanced interface tracking method is quite simple. That is, the liquid fraction transported between neighboring calculation control volumes during every time step is calculated through the movement of approximated gas-liquid interfaces, estimated in the Lagrangian system. Detailed formulations and their mathematical basis were described in previous papers (4) , so only a procedural outline is mentioned here.
Schematic drawings of the three major operational steps within each time step in the two-dimensional case are shown in Fig.1 . In the first step, as shown in Fig.1(a) , a gas-liquid interface in each control cell for calculations is reconstructed in consideration of the liquid fraction represented by itself and surroundings.
Here, approximated interfaces within each control cell are reconstructed using a linear function to characterize the liquid fraction in the cell, the same way as the PLIC method (7) . In the next step, polygonal volumes within the interface of each control cell are transported in accordance with the surrounding velocity field ( Fig.1 (b) ). In the last step, as shown in Fig.1 (c), the volume fraction and mass of each phase are redistributed based on their relative position to be present throughout the control cells beyond the interfaces and the polygonal volume. At the same time, the densities of each phase in each control area are calculated too.
Numerical Simulation
2-channel Fluid Mixing Tests
There have been many experimental and analytical studies concerning the fluid mixing between two inter-connected sub channels. In most of these studies, the shapes of the subchannel and channel cross sections were selected to simulate actual fuel rod bundle geometries 8) . In contrast, squares were selected as the subchannel cross section of a fluid mixing test loop mentioned here with the aim of easing flow pattern observations in experiments and calculation mesh generations in calculations.
A cross sectional view of the test channels with an interconnection between two-subchannels are shown in Fig.2 . The Flow diagram of the test loop of the air-water is shown in Fig.3 . The test channel for air-water fluid mixing test is 940 mm long. The lower edge of the interconnection is placed 600 mm downstream from the test channel inlet, and its gap clearance, horizontal and vertical length are 1.0 mm, 5.0 mm (see Fig.2(a) ) and 20 mm respectively. The test channel is connected with an air-water mixing section and a separating section at both ends. The mixing section comprises two mixing rooms, each with an air nozzle. While the inlet water flow rates of each mixing room were varied continuously over the range 0.0 -0.05 kg/s, a constant volume of air was injected at a constant time interval and formed a single bubble. The air flow rates of each injection were controlled up to 4.0 cc using the air supply pressure, and the injection interval of each nozzle could be controlled. The exit pressures at each of the subchannels were maintained constant by retaining water levels in the separating section.
Flow diagram of the test loop of the steam-water fluid mixing test is shown in Fig.4 . The test channel for steam-water fluid mixing test is 1000 mm long. The test channel is connected to the high pressure loop, and the high pressure loop supply subcooled water. Steam is generated in two electric heaters, and steam and water flow upwards in the test channels. The lower edge of the interconnection is placed 600 mm downstream from the test channel inlet, and its gap clearance, horizontal and vertical length are 2.0 mm, 4.0 Fig.2(b) ) and 80 mm respectively. Inlet and outlet flow rate of the test channels are measured by flow meter placed at lower and upper part of the test channels, respectively. The differential pressure between the subchannel at the center height of the interconnection and the exiting gas (air and steam) and water flow rate of each subchannel were measured. Furthermore, observations of gas-liquid interface behavior around the interconnection were carried out using a monochromatic high-speed video camera at a rate of 1,000 frames par second.
Analysis Conditions
Numerical analyses of air-water flow fluid mixing were applied between the length of -120mm and +100mm from the lower edge of the interconnection in the flow direction of the test channel as shown in Fig.5 (a) . Irregular mesh division in the Cartesian system was adopted and two subchannels and the interconnection were formed by using obstacles as shown in Fig.6 (a) . The total number of the effective control volume was 428,680, and the minimum edge size was 1/6 mm within the interconnection in its clearance direction.
Numerical analyses of steam-water flow fluid mixing were applied between the length of -820mm and 60mm from the lower edge of the interconnection in the flow direction of the test channel as shown in Fig.5 (b) . The entrance section for numerical analysis is longer than that for experiment to supply fully developed steam and water two-phase flow at lower edge of the interconnection. Irregular mesh division in the Cartesian system was also adopted and two subchannels and the interconnection were formed by using obstacles as shown in Fig.6  (b) . The total number of the control volume was 2,647,400, and the minimum edge size was 0.25 mm.
A non-slip wall, constant exit pressure and constant inlet velocity were selected as boundary conditions for each subchannel. Air injections through the air nozzles were simulated by varying the inlet liquid fraction in time to form an appropriate volume of bubbles/slugs in each subchannel, thereby neglecting the difference in velocity between the inlet water and air. Steam-water flow was simulated by constant inlet liquid fraction to fit the experimental conditions. While surface tension was considered, the effects of the contact angle of the water on the channel walls were set to 15 degree. Local densities and viscosities of water and gas (air or steam) were, of course, evaluated using solved pressure and temperature fields. The time step was controlled with a typical safety factor of 0.2 to keep it lower than the limitation value given by the Courant condition and stability condition of the CSF model.
Results and Discussions
Comparisons of Cross Flow Characteristic under Single-phase Flow Conditions
Prior to applying the TPFIT to gas-liquid two-phase flow calculations, a series of single-phase water flow calculations were conducted to confirm its quantitative prediction capability through comparison between measured and calculated cross flow rates.
The measured and calculated variations of the mean exit velocity of Ch.2 against its mean inlet velocity change are shown in Fig. 7 . Here, the mean inlet velocity of Ch.1 is constant as 0.26m/s. A solid diagonal line in this figure represents the mean exit velocity Ch.2 in the case that no net cross flow exists. Differences between the line and symbols show an increase or decrease of the flow rate in Ch.2 caused by the cross flow. The calculated mean exit velocities of Ch.2 correspond to those measured within measurement errors shown as error bars in the figure.
The measured and calculated cross flow rates against differential pressures between two subchannels through the interconnection are compared in Fig.8 . Both are substantially in agreement, ably demonstrating the ability of the TPFIT to provide effective predictions of pressure losses between subchannels caused by the transverse flow through the interconnection.
Comparisons of Gas-Liquid Interface Behavior around the Interconnection
The calculation conditions for the air-water flow are summarized in Table 1 . Two calculations, whose calculation conditions were the same except for time difference between air injected time to both channels. were accordingly the same as those of the calculations shown in the table. In the experiment, separation of the air slug was observed only in case 1-2. During calculations, air was injected in the manner described in section 3.2 following the water flow calculation for 2 seconds. The slug behaviors observed and calculated around the interconnection in case 1-1 are shown in Fig.9 . In the Fig.9(b) , the calculated gas-liquid interfaces are defined as isosurface at a void fraction of 50%. As shown in Fig.9 , the occurrence of intrusion of air into the interconnection can be effectively calculated, and the calculated amount of air penetration into the interconnection looks quite similar to observed one.
The slug behaviors observed and calculated around the interconnection in case 1-2 are shown in Fig.10 . Once the top of an ascending air slug in Ch.1 reaches the center height of the interconnection, part of it starts to be drawn toward Ch. 2. Then the tip of stretched part of the air slug flows into Ch.2 through the interconnection and is separated to form a single bubble. As shown in Fig.10  (b) , any intrusion of air into the interconnection as well as any separation of the air slug can be effectively calculated. The bubble volumes in Ch.2 are estimated to be 0.087cc in the observation and 0.094cc in the calculation, meaning the calculation gave a close result of the transferred air The slug behaviors observed and calculated around the interconnection in case 2-1 are shown in Fig.11 . As shown in Fig.11 (a), a part of single steam slug in Ch.2 intrudes to the Ch.1 through the interconnection. Averaged slug length is about 56 mm, and observed major slug characteristic behavior is as follows.
・ Steam intrusion from
Ch.2 to Ch.1 is firstly occurred at the upper part of the steam slug ("A" in the Fig.11 ). ・ Constriction is generated at the center part of the steam slug by water flow from Ch1 to Ch.2, and the steam slug break up ("B" in the Fig.11 ).
As shown in Fig.11 (b) , the occurrence of intrusion of steam from the Ch.2 to the Ch.1 can be effectively calculated, and the calculated amount of steam penetration into the interconnection looks quite similar to observed one. Predicted slug length is about 59 mm, and almost same as observed one. As shown in Fig.11 (b), major slug characteristic behavior observed in the experiment is reproduced in the numerical simulation by TPFIT code. The slug behaviors observed and calculated around the interconnection in case 2-2 are shown in Fig.12 . Observed major slug characteristic behavior is as follows.
・ Disturbed steam-water interface is observed. ・ Sharp constriction is generated by water flow from Ch1 to Ch.2, and the steam slug break up. ("A" in the Fig.12 ). ・ At upstream of slug breakup position, small bubbles and droplets are observed.
As shown in Fig.12 (b) , the occurrence of sharp constriction on steam slug, slug breakup and generation of small bubbles and droplets at upstream of slug breakup position can be effectively calculated. Then, major slug characteristic behavior observed in the experiment is reproduced in the numerical simulation by TPFIT code.
Comparisons of Differential Pressure between Subchannels and Cross Flow Rate
The measured and calculated time histories of the differential pressure between Ch.1 and Ch.2 at the center height of the interconnection in case 1-2 are shown in Fig. 13 .
The measured initial difference in pressure is about 30Pa. The top of the air slug reaches the height of the lower edge of the interconnection after about 0.7s, and the differential pressure starts to rise. After the differential pressure goes up to about 100Pa, it starts to fall as the progress of transverse air movement reaches about 0.77s. At about 0.86s, the air slug passes through the interconnection and the differential pressure goes down below zero. The lowest differential pressure is observed as about -70Pa at 0.96s.
Because of an underestimation of 20% of the air slug ascending velocity, the time lag is seen between the measured and calculated differential pressure histories, and it is clear that the difference between the measured and calculated air slug shape plays a major role. The calculated differential pressure shows a similar trend to the measured one, and the maximum and minimum values agree well as shown in Fig. 13 except sharp pulsation occurred at 0.88s. This sharp pulsation was caused by the slug breakup and water properties p Fig.13 Instantaneous differential pressure between channels (Case 1-2) routine used in TPFIT code. This properties routine underestimates sonic speed in water, and the pressure wave generated by slug breakup was enhanced in the subchannels.
The 
Concluding Remarks
The TPFIT, which was a detailed gas-liquid two-phase flow simulation code based on the advanced interface tracking method, was applied to experimental analyses of the 2-channel fluid mixing tests, and comparisons between measured and calculated results were carried out to examine the capability of the code to simulate a two-phase cross flow through a narrow gap. The calculated deformation and separation behavior of the air slug caused by cross flow were similar to those in observations, and the calculated difference pressure between subchannels and cross flow rate were agrees well the measured values. Then, the qualitative and quantitative capability of the TPFIT code for the fluid mixing phenomena was demonstrated.
